Abstract-We compare the performance of autonomous agents with three different behavior selection architectures (Static-Threshold, Winner-Takes-All and VotingBased) in terms of survival in a large and complex dynamic virtual environment. Experiment results indicate both advantages and disadvantages when applying each architecture in such environmental conditions, and also shows that the performance of Voting-Based architecture is significantly sensitive to the balance of rates at which various environmental resources can serve to satisfy an agent's physiological needs. Some problems with behavior selection architectures are identified and possible solutions are proposed.
Introduction
Behavior selection is one of the critical issues in designing autonomous agents and robots [Maes, 1995] . In the perspective of Artificial Life, an artificial animal must make appropriate decisions to guarantee its survival in a given environment using some sort of behavior selection architecture -separately or in combination with other mechanisms such as learning or evolution [Meyer and Guillot, 1990] .
Many behavior selection architectures have been proposed (see [Tyrrell, 1993] and [Guillot and Meyer, 1994] for an overview). As pointed out by the behavior selection literatures [Tyrrell, 1993 , Bryson, 2000 , agents which are implemented with architectures such as winner-takes-all and voting-based -or compromise candidates -require different levels of necessary information from the environment in order to effectively satisfy their internal goals. Therefore, voting-based agents performing in a large and complex dynamic environment with a limited sensory range and no memory may not be able to cope with conflicting situations to make good enough behavior selection.
In this paper we perform a comparison between VotingBased (VB), Winner-Take-All (WTA) and Static-Threshold (ST) architectures in a large and complex environment. Previous research [Avila-Garcla and Caniamero, 2002] indicated that assessing the performance of behavior selection architectures is a complex task and generally requires different indicators to allow comparison and understanding of their essential properties. In this paper we compare architectures in terms of three viability indicators [Avila-Garcia and Caniamero, 2002] : Lifespan, Overall Comport and Physiological Balance (Section 5) . A large and complex nature-like environment has been created (Section 2) to test and compare three different behavior selection architectures (Section 3) respectively defined in our previous research [Ho et al., 2003, Ho et [Meyer and Guillot, 1990] 
External stimuli
Besides the internal variables, the presence of external stimuli is also a factor to influence the outcome of the behavior selection. There are five types of external stimuli in the environment including Apple Trees, Water, Mushrooms, Environmental Heat and Cold, some of them are static objects, such as Mushroom on the top of the mountain area, Apple Trees in the oasis area; some of them are the spread through a huge area, for example, the agent's body can be warmed up in the desert area and cooled down in other areas. Furthermore, the river provides Water only in the summer, which is a dynamic external stimulus to the agent.
Motivations
Motivations constitute urges to action based on bodily needs related to self-sufficiency and survival. They implement a homeostatic control to maintain the essential physiological variables within certain ranges. Agents' motivations are characterized by: a controlled (essential) physiological variable, a drive to increase or decrease the level of the controlled variable and an (external) incentive stimulus that can increase the motivation's intensity. Table 2 shows agents' motivations with their drives and incentive stimuli.
Behaviors
Following the usual distinction in ethology, our agents have consummatory (goal-achieving) and appetitive (goaldirected) behaviors [McFarland, 1999] As described in the previous subsection, there are behaviors which can satisfy more than one motivation. For example Eating Apple behavior increases the level of two physiological variables: Glucose and Moisture; the changes of these two variables will influence the motivation calculation in the next time step of the simulation. In this equation, Rate is the speed of consuming a specific external stimulus. Similar to WTA architecture, the behavior with the highest value will be executed by the agent in the next time step.
Experiments

Method
For testing the efficiency of three behavior selection architectures in terms of agents' survival in the proposed environment, and particularly investigating the hypothesis we made for VB architecture -i.e. it is likely to be unable to perform as well in large and complex environments -we designed four different experimental settings (see Table 4 ). All experimental settings were set up to testing and comparing the performance of ST, WTA and VB architectures; the reason to have different Apple Nutritional Rate is that we would like to confirm our hypothesis of the weaknesses of VB architecture and attempt to rectify this problem by slightly changing the parameters of environmental conditions.
Each experiment run takes about 15 minutes in a Pentium 4 2.0GHz PC with 512MB RAM.
Results and discussions
Performance results in terms of Life span (Figure 4) , Overall Comfort (5) and Physiological Variance (6) ,ults of Physiological Variance (OvC). It is also observable from the experiment results that ST and WTA are reasonably stable in terms of the three indicators.
Since there are four environment settings with different Apple Nutritional Rate, they provide actual differences of cost-benefit scheme for the VB agent to execute the Eating Apple behavior: * With setting (1), Apple Nutritional Rate is the lowest one, the agent simply ignores the existence of the apple and looks for the water and mushroom all the time, the reason for this phenomenon is that eating apple is relatively costly.
* With setting (2), it is very beneficial to eat the apple, the agent only looks for apple but ignores the existence of water and mushroom stimuli all the time.
* With setting (3), it is less beneficial to eat the apple, however the agent behaves roughly the same as with
(1).
* With setting (4), Apple Nutritional Rate has been adjusted to be slight more than (1), which meets a balanced point and the agent consumes Apples, Mushroom and Water stimuli.
In (4) VB presents good opportunistic behavior as the agent 'goes for' all types of resources. This implies that when the agent encounters a resource, even if it was not looking for it, the agent will consume it. The more opportunistic behavior of VB in (4) is reflected in a LS increment, which is statistically higher than in the other three settings and also very close to that obtained by ST and WTA. It is interesting to note that, in terms of LS, WTA performs approximately the same with with all the settings, as the rate of resource consumption does not affect its ability to perform opportunistic behavior.
It can be observed that the VB agent in setting (4) [Maes, 1995 , Tyrrell, 1993 . In these experiments using a large and complex environment we see that opportunism indeed play an important role in the behavior selection process.
VB also obtained higher average satisfaction of their internal needs (OvC) There is an important problem which was created by the persistence of the behavior selection architecture and the conditions of the environment. Water stimuli from the environment includes the River and the Lake areas, when the WTA and VB agents stay in one of this areas, they carry on the behavior of Drinking Water and prefer staying in these areas even when there is a chance to move to another area, such as the Desert area which connects to the Lake. This problem seems to expose the hidden flaw of WTA and VB behavior selection architectures generated by extra persistence for their consummatory behaviors. We propose a solution for this problem by introducing new boolean parameters a and to the motivation calculation process, as follow: Motivation = Deficit + (Deficit * Cue) * a + (Deficit * Cue) * The values of parameters a and ,3 are intended to cancel the persistence effects, in the case here, when the agent is staying in the areas of water stimuli and intending to take the opportunity to execute the Drinking Water behavior successively in a short period of time. (The details of assigning the values to these two parameters under specific circumstances are shown in the Table 5.) Another direction of future research work is to apply information about the environment gathered by the agents' interaction histories, which can be constructed from agents' significant experiences in their autobiographic memory [Nehaniv and Dautenhahn, 1998 ]; and this is possible for not only for VB, but also for ST and WTA behavior selection architectures. Our previous research work [Ho et al., 2003 , Ho et al., 2004 showed evidences that agents with autobiographic memory can outperform reactive agents with static threshold architecture in both single agent and multi-agent experiments. Thus information about the environment in agents' autobiographic memory could be used as the Cue in the process of motivation calculations in regarding to this work. In addition to this, events in agents' autobiographic memory should also be weighted with respect to the significance of a particular event to the agent. We believe that the information available in agents' autobiographic memory would be able to compensate for the weaknesses of VB and enhance the performance of other architectures in complex environments. 
